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Ab initio density functional theory plane wave and linear combination of atomic orbitals pseudopotential methods are used to study the
stabilities of W@Si12, Ti@Si15 and Ti@Si16 encapsulated clusters. It is shown that three stable W@Si12 isomers and four stable isomers for
Ti@Si15 and Ti@Si16 belong to the Frank-Kasper conﬁguration space. Good agreement of the calculated electron aﬃnities with the
experimental data provides a clue on the structures of Ti@Si15 which is shown to resemble that for the dimerised Si(001)2 1 surface.
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1. Introduction
The eﬀective control of properties of atomic clusters is an
ultimate goal of cluster science. The elemental and metal-
doped Si clusters have been of special interest recently due to
their importance for sustaining the Si based technologies.1–8)
High abundances of anionic MSi15
 and MSi16 (M = Ti,
Hf, W, and Mo) clusters have been detected providing
valuable hints on their structures and stabilities.5) The mass
spectra of Cr, Mo and W doped Si cationic clusters9) also
show high abundance of cationic MSi15
þ and MSi16þ, while
in a diﬀerent experiment1) using reaction of silane with Ta,
Hf, W, Re, and Ir monomers, large abundances were obtained
for MSin clusters (n ¼ 9, 11–14; depending on the M atom).
All these high abundances are for quite diﬀerent sizes
compared with those observed for elemental Si clusters. All
these results support the predictions that metal (M) doping
can be used to manipulate the properties of Si clusters. First
principles calculational studies on M doped silicon clusters
have shown an M encapsulated hexagonal prism structure
(Fig. 1(g)) for M@Si12
1,6) while Frank-Kasper (FK) poly-
hedron10) and fullerenelike structures for M@Si16 (M = Ti,
Hf and Zr).2,3) Several other M atoms have also been
predicted to form encapsulated M@Sin structures.
3,8) In this
paper we demonstrate that the stability of the FK cluster
during growth and charge doping may give the desired
predictability in controlling the basic properties of M@Si
clusters. We show in particular that there is more than one
stable W@Si12 clusters and that their conﬁguration space is
of the FK type. The low lying Ti@Si15 isomers are also
shown to be of FK-type structures with the shell structure
resembling the dimerised Si(001)2 1 reconstructed surface.
2. Method
The calculations have been performed using the ab initio
ultrasoft pseudopotential plane wave method11) with spin-
polarized generalized gradient approximation (GGA) for the
exchange-correlation energy. The structures are optimized
using the conjugate gradient method. The clusters are placed
in a large simple cubic unit cell of side 18 A˚ and the  point is
used for the Brillouin zone integrations. The ionization
potentials (IP) and electron aﬃnities (EAs) have been
calculated using B3LYP hybrid exchange-correlation func-
tional and a linear combination of atomic orbitals method
with LanL2DZ basis set and eﬀective core potentials in the
Gaussian program.12)
3. Results and Discussion
W@Si12. We consider two alternative W encapsulated
cage structures of WSi12 having three and four interlinked
hexagons with 3-fold and tetrahedral symmetries (Fig. 1(h)
and 1(i), respectively). These are derived from the Frank-
Kasper (FK) 15, and 16 polyhedra shown in Fig. 1(b), (e) and
1(c), (f), respectively, by removing the capping atoms.10) The
6-fold symmetric Si12 hexagonal prism (Fig. 1(g)) can also
be derived from FK14 polyhedron (Fig. 1(a), (d)) by
removing the two capping atoms and rotating a hexagon by
30. Thus all these structures with each Si atom having 3-fold
coordination originate from the FK polyhedra.
The plane wave calculations show that all of them
represent structurally stable, zero-spin isomers. The cages
derived from the FK15 and F16 polyhedra are, respectively,
2.113 eV and 2.988 eV less favorable than the most stable
FK14 cage derived from the FK14 polyhedron. The calcu-
lated GGA highest occupied-lowest unoccupied molecular
orbital (HOMO-LUMO) gaps vary signiﬁcantly from
1.239 eV for FK14 to 0.448 eV and 0.947 eV for the FK15
and FK16 cages, respectively. The Si-Si bonds of 2.37 and
2.40 A˚ for the FK14 cage become 2.30 A˚ and 2.41 A˚ for the
FK15, and to 2.32 A˚ for the FK16 cages, indicating covalent
bonding. The W-Si bonds of 2.66 A˚ for the most stable FK14
cage become slightly elongated to 2.72 A˚ for the FK16 and
2.58 A˚ (six M-Si-Si dimers bonds) to 2.85 A˚ for the FK15
cages, weakening the W-Si bonding. Though the most stable
FK14 and the least stable FK16 isomers of W@Si12 are
perfect W encapsulated structures with the same number (12)
of identical W-Si bond lengths, the 18 valence electron rule
to explain the unusual stability of W@S12 hexagonal prism
cannot be applied.6,8)
Calculations within the LCAO approach give the struc-
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tures of the neutral clusters to be very similar and only small
deviations (1%) in the optimized structures of the cation
and anion clusters. For W@Si12 isomers the vertical IPs are
large and vary from 9.076 eV (FK15) to 7.170 eV (FK16).
The IP of 8.049 eV for the FK14 cage is close to the value of
7.82 eV for the magic Si10 cluster.
13) The variations in IPs and
HOMO-LOMO gaps reﬂect the structural and symmetry
diﬀerences among the FK isomers of W@Si12. However, the
EAs of 2.840 eV, 2.802 eV and 2.835 eV, for the FK14,
FK15, and FK16 type isomers, respectively, show these to be
insensitive to the structure of the W@Si12 clusters.
The GGA electronic structures of FK isomers of W@Si12
suggests that doping of FK15 and FK16 cages by four
electrons may open a large HOMO-LUMO gap and stabilize
the cluster. The calculations carried out for Ni and Pd indeed
predict the locally stable spin zero Ni (Pd) doped FK15 cage
(Fig. 1(h)). In this structure the HOMO-LUMO gap increases
from 0.444 eV for W@Si12 to 1.030 (1.045) eV for the Ni
(Pd). The M-Si bonds of 2.55 (2.42) A˚ for Ni (Pd) are shorter
than 2.56 for the W@Si12 while the Si-Si dimer bond lengths
of 2.68 (2.75 A˚) are signiﬁcantly longer than those for the
W@Si12 (2.30 A˚). The remaining Si-Si bonds on the cage
remain unchanged. The Ni (Pd) FK14 and FK16 cages have
been found to be structurally unstable. By contrast, doping
the W@Si12 FK cages by group 4 elements (2-hole doping)
produces stable, high spin (2B) FK16 cages (Fig. 1(i)). The
Zr and Hf doped FK15 and FK14 cages are structurally
unstable. The TiSi12 conﬁguration space is, however, unique.
Apart from structurally stable, high energy, high spin TiSi12
FK Z16 type cage (Fig. 1(i)), two low energy, isoenergetic
(more stable by 2.483 eV), zero spin FK-like structures have
been found: Ti doped hexagonal prism (Fig. 1(g)) and the
open TiSi12 FK15 type cage (Fig. 1(h)). These results show
that under selective charge doping the MSi12 clusters derived
from FK polyhedra represent electronically and structurally
stable, rigid structures.
Ti@Si16. The selective capping of the faces of FK cages by
Si leads to the Ti@Si16 and Ti@Si15 FK cluster topologies
shown in Figs. 2(a), (b) and 2(c), (d), respectively. The FK16
tetrahedral (Td) structure (Figs. 1(c), (f) and Fig. 2(a)) has
already been shown to be energetically the most stable, spin
zero, large HOMO-LUMO gap structure for Ti@Si16.
2) There
is another FK16 isoenergetic isomer that also has zero spin
(Fig. 2(b)). It is a 3-fold symmetric hexagonal antiprism
capped by a trimer and a single Si atom. It has a marginally
lower GGA HOMO-LUMO gap of 2.248 eV as compared to
2.358 eV for the FK-Ti@Si16 Td cluster. This is also the spin-
zero, lowest energy structure for Hf and second lowest energy
structure for Zr with nearly the same HOMO-LUMO gaps of
2.352 eV and 2.356 eV, respectively.
Ti@Si15 W has been found to be the only element that
retains the ideal FK15 polyhedral topology shown in
(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
Fig. 1 Frank-Kasper structures: (a)(d) FK14, (b)(e) FK15, and (c)(f) FK16; M@Si12 cages derived from the respective FK structures are
shown in: (g) FK14-cage, (h) FK15-cage and (i) FK16-cage. In ﬁgures (a)-(c) the capping atoms are shown as ﬁlled circles. In ﬁgures (d)-
(i) the encapsulated metal atoms are shown.
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Figs. 1(b), (e). The electronic structure of this high energy,
high spin (2B) and low HOMO-LUMO gap (0.112 eV)
isomer indicates that the hole doping may open up a large
HOMO-LUMO gap and stabilize the cluster. Indeed, for
M@Si15 (M = Ti, Hf and Zr ) two lowest energy, zero-spin
isomers are shown in Figs. 2(c), (d). These are isoenergetic
for all of the group 4 elements within the GGA plane wave
method.11) They both represent hexagonal antiprisms capped
by a Si dimer and a single Si atom and can be obtained from
the FK15 structure (Figs. 1(b), (e)) by slight displacement of
the silicon capping atoms. The details for the isomer shown
in Fig. 2(c) can be found in.3,8) For the isomer shown in
Fig. 2(d) three M-Si bonds are in the range of 2.64–2.67 A˚
and the cage Si-Si bonds vary from 2.40 to 2.53 A˚ for Ti, 2.68
to 2.73 and 2.41 to 2.58 A˚ for Hf and 2.72 to 2.78 and 2.43 to
2.64 A˚ for Zr. Despite similar structures, the GGA HOMO-
LUMO gaps of 1.578 eV (Ti), 1.572 eV (Hf) and 1.550 eV
(Zr) for the isomer in Fig. 2(d) are signiﬁcantly diﬀerent
from those of 1.237 eV (Ti), 1.175 eV (Hf) and 1.179 eV (Zr)
for the isomer shown in Fig. 2(c). Further calculations have
been done using the Gaussian method.12) The two isomers of
Ti@Si15 converge to one structure shown in Fig. 2(c). The
EA and IP are calculated to be 2.871 eV and 7.521 eV,
respectively. The excellent agreement of the calculated EA
with the measured value of 2:78 0:13 eV clearly shows that
the FK-Ti@Si15 structures of Figs. 2(c), (d) are those
observed in experiment.5)
In Fig. 3 the intriguing similarity of the Ti@Si15 shell
topology to a single dimer site on the Si(001)2 1
reconstructed surface with the subsurface adatom is shown
(details are discussed elsewhere14)). It is interesting to notice
that the derived shell atomic structures of the magic Si33 and
Si45 clusters are also similar the stable Si(111)7 7 and
Si(111)2 1 surface reconstructions.15) This coincidence
may indicate on some universal and interesting properties of
magic Si clusters.
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(d)(a) (b) (c)
Fig. 2 Frank-Kasper derived TiSi clusters: (a) Ti@Si16 Td, (b) Ti@Si16 Trimer cluster, (c) and (d) Ti@Si15 clusters.
(a) (b) (c)
Fig. 3 (a) A typical Si9H12 cluster used to study the Si(001)2 1 dimer structure (a gray sphere in the subdimer position represent the
doped metal atom; small white spheres represent hydrogen atoms), (b) Si9H12 without hydrogen atoms, and (c) The Ti@Si15 endohedral
cluster (see Fig. 2(d))
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